The title compounds were prepared by reacting powders of the binary transition metal alloys with phosphorus in a tin melt. They crystallize with a monoclinic structure of space group C 2/c, which was determined from single-crystal X-ray data; VNi4P16: a = 1956.0(3), b = 565.9(1), c = 1106.6(2) pm, ß = 100.99(1)°, R -0.020 for 1904 structure factors and 97 variable parameters; NbNi4P16: a = 1973.0(3), b = 571.2(3), c = 1117.2(2) pm, ß = 100.74(1)°, R = 0.023 for 2431 F-values and 97 variables; WNi4P16: a = 1964.2(3), b = 568.3(2), c = 1109.3(2) pm,/? = 101.04(2)°, R = 0.031 for 371 F-values and 43 variables. The T atoms (T = V, Nb, W) have eight P neighbors, which form a slightly distorted square antiprism, and the Ni atoms have appro ximately octahedral P coordination. The P atoms form novel P8 units, which consist of 6 -membered rings with a P2 side chain. Chemical bonding is discussed on the basis of classical twoelectron bonds. A comparison of the interatomic distances suggests that the Fermi level cuts through a band formed by antibonding nickel-phosphorus states. A band structure is propos ed, which also rationalizes the metallic conductivity and the Pauli paramagnetism of the com pounds. MoNiP8 and WNiP8 [8 ]. In these polyphosphides the early transition metals have mostly square-antiprismatic or cubic (MoNiP8 and WNiP8) phosphorus coordination, while the late transition metals are surrounded octahedrally by phosphorus atoms. In VP4 • 4 NiP3 = VNi4P 16 and the isotypic compounds NbNi4P 16 and WNi4P16 report ed here the T : P ratio is 1:3.2 and thus these com pounds form an entirely new structure type. How ever, the near-neighbor coordinations of the tran sition metals are very similar to those of the struc tures with the composition T T '2P12. Again the chemical bonding in the TNi4P 16 polyphosphides can be rationalized on the basis of classical twoelectron bonds. A preliminary account of the struc ture of VNi4P 16 has been given earlier [5] .
The transition metals (T) form numerous poly phosphides with the composition TP4 [1] . Ternary compounds with a T : P ratio of 1:4 are also known, e.g. M oFe2P 12 and W Fe2P 12 [2] , TiMn2P 12 [3] , NbMn2P12, MoMn2P12, and WMn2P12 [4] , VFe2P 12 [5] , NbFe2P12 [6 ,7] , MoNiP8 and WNiP8 [8 ] . In these polyphosphides the early transition metals have mostly square-antiprismatic or cubic (MoNiP8 and WNiP8) phosphorus coordination, while the late transition metals are surrounded octahedrally by phosphorus atoms. In VP4 • 4 NiP3 = VNi4P 16 and the isotypic compounds NbNi4P 16 and WNi4P16 report ed here the T : P ratio is 1:3.2 and thus these com pounds form an entirely new structure type. How ever, the near-neighbor coordinations of the tran sition metals are very similar to those of the struc tures with the composition T T '2P12. Again the chemical bonding in the TNi4P 16 polyphosphides can be rationalized on the basis of classical twoelectron bonds. A preliminary account of the struc ture of VNi4P 16 has been given earlier [5] .
* Reprint requests to W. Jeitschko. 
Preparation
The title compounds can be prepared in wellcrystallized form by reacting a T-nickel alloy (T = V, Nb, W) with red phosphorus in a tin melt. This preparation m ethod has been used with good results in the past for the preparation of Ti2NiP5 [9] , Mo(W )NiP8 [8 ] and VFe2P 12 [5] . Starting materials were powders of vanadium, niobium, tungsten and nickel (all 99,9%), red phosphorus (Hoechst, "ultrapur"), and tin (Merck, "rein"). The T-nickel alloys were prepared by arc melting of cold-pressed pellets with the atomic ratio T : Ni = 1:1 or 1:2. The alloys were then ground to fine powders and react ed with red phosphorus and tin in the ratio (T /N i): P : Sn = 1:25:20 in evacuated sealed silica tubes (tube volume 5 cm3, P content 0.5 g). The tubes were annealed at 450 °C for one day to react the phosphorus with the tin, and then for 14 days at 650 °C. A fter quenching in air the samples were placed in 3 N hydrochloric acid, which dissolved the tin-rich matrix. The resulting products consisted of crystals of the new polyphosphides, sometimes also forming polycrystalline aggregates. In addition we frequently observed black powders of the binary phosphides TP2, and more or less well-crystallized NiP3. Energy dispersive X-ray analyses in a scan ning electron microscope of the TNi4P16 crystals did not reveal any impurities such as silicon or tin.
Properties
The polyphosphides VNi4P 16, NbNi4P16, and WNi4P 16 crystallize in the form of elongated prisms. They are grey with silvery luster. The ground com pounds are black. They are stable in air and in soluble in nonoxidizing acids.
Electrical conductivity measurements of single crystals of VNi4P 16 and NbNi4P 16 were made with a four-probe device. The greatest dimension of the crystals was 0.1mm. The crystals of WNi4P 16 were even smaller and therefore could not be contacted. A constant alternating current was maintained with two contacts, and the voltage difference was meas ured at two additional contacts between these points. The contacting was made with copper fila ments, which were glued to the crystal by a well con ducting silver epoxy cement. Because of the in accuracies, resulting from the assessment of the crystal dimensions and the contact points, the ab solute values of the electric resistivities are not very exact (factor ±3). The relative values for different tem peratures, however, are more reliable and show typical metallic behavior for both compounds; the electrical resistivities decrease with tem perature (Fig. 1) . The absolute values of the resistivities at room tem perature are about 1 0 0 to 1 0 0 0 times higher than those of typical metals like iron (q = 9 /uQ • cm) or silver (g = 1.5 fiQ ■ cm).
The magnetic susceptibilities of the three poly phosphides were determ ined with a SQUID mag netom eter in the tem perature range between 20 K and room tem perature (Fig. 2) . The susceptibilities 
Structure Determination
Single crystals of the three polyphosphides were investigated with a precession camera to establish their symmetry and suitability for the data collec tion. They have monoclinic symmetry and the struc tures were refined in the centrosymmetric group C2/c. The lattice constants were determ ined by least-squares fits of 25 well centered reflections each m easured on a four-circle diffractometer. Intensity data were collected with graphite m onochrom ated MoKa radiation, a scintillation counter with pulseheight discriminator, and background counts at both sides of each 6126 scan. A bsorption correc tions for the crystals of VNi4P16 and NbNi4P 16 were carried out on the basis of psi scan data; the ratios of the highest and lowest transmission were 1.65 and 1.37, respectively. No absorption correction was needed for the extremely small crystal of the iso- Further details of the data collections are summa rized in Table I . The structure of VNi4P 16 was solved first. The po sition of one complete NiP6 octahedron was obtain ed by direct methods [10] . The other atoms were lo cated on difference Fourier maps. A full-matrix least-squares program was used for the refinem ent of the three isotypic compounds with atomic scat tering factors [1 1 ], corrected for anom alous disper sion [12] . A factor accounting for the isotropic secondary extinction was refined in each case and the weighting scheme included a term, which accounted for the counting statistics. To check for deviations from the ideal compositions occupancy * They may be obtained from the Fachinformationszentrum Karlsruhe, Gesellschaft für wissenschaftlichtechnische Information mbH, D-76344 EggensteinLeopoldshafen, by quoting the registry no. CSD 57808, the names of the authors, and the journal citation.
param eters were refined for the V and Nb com pounds. The largest and smallest values were 101.8(2)% for P 4 and 98.2(2)% for P 6 of VNi4P 16, and 103.0(3)% for P 4 and 99.3(3)% for P 3 of NbNi4P16. These deviations were considered in significant and the ideal values were assumed again during the final refinements. The atomic param eters and interatomic distances are given in Tables II and III . The anisotropic therm al param eters of VNi4P 16 and NbNi4P 16 as well as the struc ture factor tables of the three compounds have been deposited*.
Discussion
The crystal structure of the three isotypic poly phosphides is shown in Fig. 3 in a projection along the relatively short y axis. The early transition m et als have eight phosphorus neighbors forming a (dis torted) square antiprism, while the nickel atoms have octahedral phosphorus coordination (Fig. 4) . In contrast to many other transition metal poly phosphides there are no metal-metal bonds. The phosphorus atoms have tetrahedral coordination; Fig. 3 . The crystal structure of the polyphosphides TNi4P16 (T = V, Nb, W). The heights of the atoms in the projection direction are indicated in hundredths. Two of the P8 phosphorus building elements are outlined in the upper right-hand corner of the drawing. The packing of the TP8 square antiprisms and NiP6 octahedra is shown below. most of them with two metal and two phosphorus neighbors. The P 4 atom has three nickel neighbors (plus one P neighbor) and the P 7 atom has only one metal (T) neighbor (plus three P neighbors). In emphasizing the phosphorus-phosphorus bonding the P atoms form a phosphacyclohexane ring in boat conform ation with a P2 side chain. Since the com pounds crystallize in a centrosymmetric space group, both enantiomeric forms of these P8 units are present in the structure (Fig. 4) . Although we be lieve that chemical bonding between the phos phorus atoms is of approximately equal strength as the transition metal-phosphorus bonding, we point out that such P8 units have not been observed be fore in polyphosphides [13] .
As already m entioned above, the eightfold phos phorus coordination of the metal atoms is usually found for the early transition metals in the ternary polyphosphides, while the octahedral coordination occurs in both the binary and ternary polyphos phides of the late transition metals. Vanadium is at the border line. In VP4 [14] the vanadium atoms have octahedral phosphorus coordination, while in VNi4P 16 vanadium is square-antiprismatically co ordinated.
The N i2 -P distances, when compared with the Ni 1 -P distances, show the larger spread in the three polyphosphides TNi4P 16. Nevertheless, the average N i l -P and N i2 -P distances of 229. 8, 230.7, 230.5 and 229.3,230.7,230 .0 pm for the V, Nb, and W com pounds, respectively, are all very similar. The aver age P -P distances in the three compounds are also practically the same: 223.1,222.8, and 222.2 pm, re spectively. These P -P distances are typical for poly phosphides and the three modifications of phos phorus [13] .
Chemical bonding in transition metal polyphos phides is usually well rationalized by the classical model of the two-electron bond [1 -4 , 8 ]. In this model the phosphorus atoms with one metal and three phosphorus neighbors obtain the oxidation num ber (formal charge) zero, with two metal and two phosphorus neighbors they are in the oxidation state -1 , and with three metal and one phosphorus neighbors they are -2 . Thus, the P8 polyanions ob tain the formal charge -8 . Since both nickel atoms have the same average N i-P distances, one could expect, that they have the same oxidation number. In aiming for integer oxidation numbers one obtains the formula T4+(Ni3+)4(P I6)16~ i. e. the metal atoms should obtain d 1 (V, Nb), d2 (W), and d7 (Ni) sys tems. This, however, is not in agreement with the Pauli param agnetism observed for the three com pounds. It is also not in agreement with the 18-electron-rule, since the nickel atoms would obtain 19 electrons ( 1 2 in nickel-phosphorus bonding states forming the six bonds to the nickel neighbors plus the seven nonbonding electrons of the d7 system). Therefore the formulations V5+(Ni4+)4(P16)16~(5 e~) and W6+(Ni4+)4(P 16) 16_( 6 e~) might be more appro priate. In view of the metallic conductivity and the Pauli paramagnetism the five and six "excess" elec trons may be placed in the conduction band. This band is probably formed by nickel-phosphorus anti bonding states, since average N i-P distances of around 230 pm are rather long, as was discussed al ready for the related composition MoNiP8 [8 ] . A band structure which summarizes this electron dis tribution is shown in Fig. 5 . It is generally believed [15] that in (thermodynamically stable) solid state compounds the electrons with the highest energy (at the Fermi level) are in bonding "crystal" orbitals and not in antibonding states. Otherwise the com pound could choose a different crystal structure, where the electrons at the Fermi level are bonding. However, in a system with a relatively high electron count the occupancy of antibonding states may be unavoidable. The thermodynamic stability of a structure has to be com pared with that of the com peting structures. The filling of antibonding states at the Fermi level was recently also observed for E r2ReC2 [15] andZrN i4P2 [16] . The latter compound is probably in equilibrium with elem ental nickel, and the decrease of the melting points from ele m ental chromium to nickel and further on to gal lium can roughly be rationalized by the increasing occupation of antibonding states. We thank Mrs. U. Rodewald and Dr. M. H. Möller for the data collection on the four-circle diffractometer, Mrs. J. Nowitzki and Dipl.-Chem. T. Ebel for the magnetic susceptibility m easure ments, Mr. K. W agner for the ED AX investigati ons and Mrs. U. Göcke for com petent help with the drawings. Dr. G. Höfer (H eraeus Quarzschmelze) and the Hoechst AG, W erk Knapsack have sup ported our work through gifts of silica tubes and ul trapure red phosphorus. We also thank the Fonds der Chemischen Industrie and the Deutsche F or schungsgemeinschaft for financial help.
